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ABSTRACT
We examine the z = 0 group-integrated stellar and cold baryonic (stars + cold atomic gas) mass
functions (group SMF and CBMF) and the baryonic collapse efficiency (group cold baryonic to dark
matter halo mass ratio) using the RESOLVE and ECO survey galaxy group catalogs and a galform
semi-analytic model (SAM) mock catalog. The group SMF and CBMF fall off more steeply at high
masses and rise with a shallower low-mass slope than the theoretical halo mass function (HMF). The
transition occurs at group-integrated cold baryonic mass M coldbary ∼ 1011 M⊙. The SAM, however,
has significantly fewer groups at the transition mass ∼1011 M⊙ and a steeper low-mass slope than
the data, suggesting that feedback is too weak in low-mass halos and conversely too strong near the
transition mass. Using literature prescriptions to include hot halo gas and potential unobservable
galaxy gas produces a group BMF with slope similar to the HMF even below the transition mass. Its
normalization is lower by a factor of ∼2, in agreement with estimates of warm-hot gas making up the
remaining difference. We compute baryonic collapse efficiency with the halo mass calculated two ways,
via halo abundance matching (HAM) and via dynamics (extended all the way to three-galaxy groups
using stacking). Using HAM, we find that baryonic collapse efficiencies reach a flat maximum for
groups across the halo mass range of Mhalo ∼ 1011.4−12 M⊙, which we label “nascent groups.” Using
dynamics, however, we find greater scatter in baryonic collapse efficiencies, likely indicating variation
in group hot-to-cold baryon ratios. Similarly, we see higher scatter in baryonic collapse efficiencies
in the SAM when using its true groups and their group halo masses as opposed to friends-of-friends
groups and HAM masses.
Subject headings: galaxies: luminosity function, mass function — galaxies: halos — surveys
1. INTRODUCTION
Galaxies form and evolve within the context of their
local environment, which can be characterized by group
dark matter halos. At z = 0 galaxies in low-mass halos
tend to be star forming with abundant cold gas, while
in large groups and clusters, the galaxy population is
quenched of star formation with little cold gas (e.g.,
Davies & Lewis 1973; Kennicutt 1983a; Haynes et al.
1984). In the largest clusters, the dominant bary-
onic component is the hot X-ray emitting gas (e.g.,
Mitchell et al. 1977; Giodini et al. 2009), while in lower-
mass halos, the halo gas temperatures are too low to emit
X-rays, presumably leaving the majority of the gas in an
unobservable warm-hot state (i.e., the warm-hot inter-
galactic mediumWHIM, Cen & Ostriker 2006). The col-
lapsed baryons (in the form of stars and cold gas) domi-
nate the observable baryonic component of such low-mass
groups.
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Previous work examining the baryonic content of clus-
ters has used X-ray data to study the hot gas, find-
ing that the halo gas dominates the baryonic content
for group halos with masses >1013−13.5 M⊙ and that
even in the highest mass clusters probed (∼1015 M⊙),
the universal baryon fraction is not reached (e.g.,
Ramella et al. 2004; Gonzalez et al. 2007; Giodini et al.
2009; Balogh et al. 2011). These works use cluster mem-
ber dynamics or X-ray luminosity calibrations to mea-
sure halo masses. For lower mass groups for which X-
rays are difficult to detect and galaxy dynamics harder
to measure (due to few members), studies have used halo
abundance matching (HAM) or the halo occupation dis-
tribution (HOD) method to study the stellar content
of groups (Moster et al. 2010; Leauthaud et al. 2012b;
Behroozi et al. 2013). These studies find that the group
stellar fraction (group stellar mass divided by group halo
mass) peaks at halo masses ∼1012 M⊙ and decreases to-
wards higher and lower halo masses.
These previous studies have focused on the stellar con-
tent of groups, leaving out the contribution from cold
gas (the reservoir for future star formation), which can
dominate the galaxy mass for galaxies with cold bary-
onic mass M coldbary < 10
9.9 M⊙, the gas richness thresh-
old mass defined in Kannappan et al. (2013), hereafter
K13. Even at higher galaxy masses, star-forming galax-
ies have HI gas-to-stellar mass ratios typically ranging
from 0.1–1, (e.g., Catinella et al. 2013; Kannappan et al.
2013; Brown et al. 2015). In this work, we define the
term “cold baryonic mass” to mean the mass in stars
and cold atomic gas (see §2.3.1), neglecting other cold
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gas components. In previous work, we showed that the
low-mass slope of the galaxy cold baryonic mass function
rises more steeply than that of the stellar mass function
(Eckert et al. 2016, hereafter E16). We also found com-
plex structure after breaking the baryonic mass function
into different group halo mass regimes. In the interme-
diate group halo mass regime ∼1011.4−12 M⊙, we found
a flat low-mass slope, potentially a signature of group
formation processes such as stripping and merging. We
refer to groups in this mass range as “nascent groups,”
where galaxies first start to come together to form larger
structures.
These results motivate our desire to study group-
integrated mass functions and the group baryonic col-
lapse efficiency (the cold baryonic group mass divided by
the group halo mass). To perform this study we use two
volume-limited surveys with groups ranging in halo mass
from ∼1011 M⊙ to 1014.5 M⊙. The smaller, RESOLVE-
B, is complete to an individual galaxy cold baryonic mass
limit of M coldbary ∼ 109.1 M⊙. The larger, ECO, encom-
passes the RESOLVE-A subvolume and is complete to
galaxy M coldbary ∼ 109.4 M⊙. We also construct a mock
catalog from the galform semi-analytic model (SAM)
of Gonzalez-Perez et al. (2014) to compare with the data.
In §2 we describe the data and methods used in this
work to measure the mass of groups in terms of stellar,
cold baryonic, and group halo mass. In §3 we analyze the
group-integrated stellar and cold baryonic mass functions
(SMF and CBMF) and examine the stellar and cold bary-
onic fractions of groups, finding a broad peak in baryonic
collapse efficiency from 1011.4−12 M⊙ across the nascent
group regime. In §4 we discuss the implications of our
results on nascent group formation and undetected forms
of gas. Finally, in §5 we summarize our conclusions.
2. DATA AND METHODS
Below we present a brief overview of the two data sets
used in this work, including their relative merits. We
also present a description of the data used to construct
the group-integrated properties for the two data sets.
Finally, we describe the mock catalog created from the
galform SAM of Gonzalez-Perez et al. (2014).
2.1. Data Sets
In this work we use two data sets, the REsolved Spec-
troscopy of a Local VolumE survey (RESOLVE, Kannap-
pan et al. in prep.) and the Environmental COntext cata-
log (ECO, Moffett et al. 2015, hereafter M15). Both data
sets are volume-limited and have been constructed using
the SDSS main redshift survey (Strauss et al. 2002), fill-
ing in incompleteness due to fiber-collisions and pipeline
photometry issues (see Blanton et al. 2005a) with data
from several other redshift surveys as described in E16.
For both surveys we define membership based on group
redshift using a buffer region to recover galaxies whose
peculiar velocities place them outside the survey limits
(see §2.3). While the RESOLVE survey has greater com-
pleteness and deeper photometric and HI data, the ECO
catalog covers a much larger volume, providing better
statistics and a wider range of group halo masses.
The RESOLVE survey covers a >50,000 Mpc3 vol-
ume over two equatorial strips ranging in redshift
from 4500–7000 km s−1 (see Eckert et al. 2015, here-
after E15, for more detail). The ∼13,700 Mpc3
RESOLVE-B footprint coincides with SDSS Stripe 82,
while the larger RESOLVE-A is surrounded by the
ECO catalog. RESOLVE-B has extra redshift com-
pleteness due to repeated observations by the SDSS (see
E16). Due to the extra redshift completeness, we have
dropped the RESOLVE-B luminosity completeness limit
to Mr,tot = −17.0, below the nominal luminosity com-
pleteness limit of Mr,tot = −17.33, which corresponds to
the SDSS apparent magnitude survey limit of 17.77 at
the outer redshift boundary using the RESOLVE total
magnitudes from Eckert et al. (2015). The RESOLVE-B
volume contains 486 galaxies brighter than this limit and
344 groups, 286 of which have N = 1 member.
RESOLVE-B is covered by deep ugriz coadds in
the SDSS (Aihara et al. 2011), as well as shallow
JHK 2MASS (Skrutskie et al. 2006) and deeper Y HK
UKIDSS data (Hambly et al. 2008). In addition it has
nearly complete coverage by the GALEX MIS depth
survey (∼ 1500s) in the NUV (Morrissey et al. 2007),
plus Swift uvm2 imaging for 19 galaxies (E15). The
RESOLVE HI survey, presented in Stark et al. (2016),
provides unconfused (or deconfused) HI detections or
strong upper limits (1.4MHI < 0.05Mstar) for 87% of
galaxies brighter than Mr,tot = −17.0 or having esti-
mated M coldbary > 10
9.0 M⊙, based on calibrations of the
relationship between gas-to-stellar mass ratio and galaxy
color (the photometric gas fractions technique described
in E15).
The ECO catalog covers a volume of ∼442,700 Mpc3,
which is ∼32 times larger than RESOLVE-B and en-
compasses RESOLVE-A. While less complete in terms
of redshift coverage, the ECO volume provides statistical
power that the smaller RESOLVE-B subvolume cannot,
having 9443 galaxies brighter than the luminosity limit
of −17.33 and 6746 groups of which 5723 are groups of
N = 1.
While ECO has uniform shallow coverage over
ugrizJHK from SDSS and 2MASS, deeper imaging from
UKIDSS is limited to the RESOLVE-A region and MIS
depth NUV from GALEX covers ∼45% of ECO (in-
cluding most of RESOLVE-A). Fractional-mass limited
HI data are available for the RESOLVE-A subvolume
within ECO, providing a similar quality of data com-
pared to RESOLVE-B. Additional coverage is provided
by the flux-limited 21cm ALFALFA survey’s α40 cat-
alog (Haynes et al. 2011), which yields HI detections
for galaxies with MHI & 10
9 M⊙ at ECO redshifts.
We have computed upper limits for galaxies with AL-
FALFA non-detections, but ∼84% of those are weak (i.e.,
1.4M limitHI > 0.05Mstar). For ECO galaxies without HI
data or having only a weak upper limit, we rely on gas
mass estimates using the photometric gas fractions tech-
nique described in E15, which provides full probability
distributions for the gas mass, not just point estimates as
in previous work (e.g., Kannappan 2004; Li et al. 2012;
Catinella et al. 2013).
In E16, we computed galaxy stellar and baryonic mass
completeness limits for the RESOLVE-B and ECO vol-
umes by examining the stellar and baryonic mass-to-light
ratio distributions near each survey’s respective luminos-
ity completeness limit. For RESOLVE-B, we find that
the stellar and baryonic mass completeness limits are
Mstar = 10
8.7 M⊙ and M
cold
bary = 10
9.1 M⊙. For ECO,
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they are Mstar = 10
8.9 M⊙ and M
cold
bary = 10
9.4 M⊙.
To determine our group mass completeness limits, we
note that at low group mass, we are dominated by N = 1
groups, so these galaxy mass completeness limits should
roughly translate to group-integrated mass limits. There
may, however, be groups consisting entirely of galaxies
below our luminosity completeness limit (such as dwarf
associations; Tully et al. 2006). To quantify how many
such groups we may be missing, we examine the number
of groups in RESOLVE-B with group-integrated stellar
or cold baryonic mass greater than the shallower ECO
mass completeness limits, but having no galaxy brighter
than the ECO luminosity limit (−17.33). We find <1%
of RESOLVE-B groups fit this criteria, implying that our
galaxy completeness limits are sufficient.
Due to the superior spectroscopic completeness of
RESOLVE-B relative to SDSS (E16), we can consider
RESOLVE-B to be a truly complete data set. For ECO,
however, we know that we are missing galaxies due to
both fiber collisions and surface brightness incomplete-
ness, despite efforts to account for galaxies through merg-
ing of several spectroscopic surveys (M15, E16). To ad-
dress this incompleteness in ECO, E16 computed galaxy
completeness corrections as a function of luminosity and
color by comparing the completeness of RESOLVE-B
and ECO relative to the main SDSS redshift survey over
luminosity-color space (see M15 and E16 details). These
completeness corrections have been applied as weights in
the galaxy mass functions in E16. We describe how we
translate the weights to group completeness corrections
in §2.4.
2.2. Photometry & Galaxy Stellar and Cold Baryonic
Masses
In this work we use reprocessed photometry, as de-
scribed in E15 and M15 for the RESOLVE and ECO
data sets respectively. Our reprocessing addresses sev-
eral issues in the catalog photometry. For the SDSS
data, we use the improved sky background subtraction
of Blanton et al. (2011), and for the IR data we per-
form additional custom background subtraction. By en-
forcing the same elliptical apertures (based on the high
S/N gri coadded image) across all bands, we are able
to measure total galaxy magnitudes in all bands us-
ing three non-parametric methods comparison of which
yields systematic error estimates. Our methods allow
for color gradients in galaxies as opposed to suppressing
the algorithms used for the SDSS catalog photometry do
(Stoughton et al. 2002).
These improvements yield brighter magnitudes, larger
radii, overall bluer colors, and more real scatter in color
(see Figures 3 and 4 of E15). These last two points
imply that galaxy star formation rates are higher and
star formation histories are more varied than previously
reported. In K13, which used similarly processed pho-
tometry for the Nearby Field Galaxy Survey (NFGS,
Jansen & Kannappan 2001), low-mass gas-rich galaxies,
traditionally regarded as poor star formers, were found
to be doubling their masses over the last Gyr.
RESOLVE and ECO stellar masses (E15, M15) were
computed using the Bayesian spectral energy distribu-
tion (SED) fitting approach described in K13 (see also
Kannappan & Gawiser 2007). The code produces a like-
lihood weighted mass distribution for each galaxy based
on the full model grid considered. Briefly, the grid con-
sists of an old and young stellar population, each popu-
lated with a Chabrier IMF. The old stellar population is
modeled as a burst with age ranging from 2–12 Gyr. The
young stellar population is modeled either as continuous
star formation starting 1015 Myr ago and continuing to
a turnoff sometime in the last 0–195 Myr or as a single
quenching burst with age ranging from 360–1015 Myr.
The young stellar population can contribute from 0.1%–
94.1% of the stellar mass. The grid includes four metal-
licities ranging from Z = 0.004–0.05, and eleven optical
depth dust values (ranging from τv = 0–1.2) are applied
to the young stellar population using the dust law from
Calzetti (2001). We generally use the full mass likelihood
distribution in this work, but when we assign a single
value for the galaxy’s stellar mass, we take the median
of the likelihood weighted stellar mass distribution.
As previously mentioned, cold baryonic mass in this
work is defined as the stars plus cold atomic gas mass.
Generally the atomic gas dominates the cold gas mass
of galaxies, although large spirals may have significant
reservoirs of molecular gas. The total gas mass in large
spirals, however, is typically . half the stellar mass
(Casoli et al. 1998; Kannappan et al. 2013; Boselli et al.
2014). RESOLVE-B and ECO both have HI data avail-
able with varying depth and coverage. While RE-
SOLVE’s coverage is fractional mass limited and nearly
complete, ECO has fractional mass limited data only
in the RESOLVE-A subvolume and relies on the flux-
limited ALFALFA survey elsewhere, which provides
mostly weak upper limits. In this work, we define the
atomic gas as 1.4MHI to account for the contribution
from helium.
To supplement the HI data, we use the photometric gas
fraction (PGF) technique to estimate gas-to-stellar mass
(G/S) ratios as described in E15. The estimators are
based on a model fit to the 2D distribution of log(G/S)
vs. color (or “modified color,” a linear combination of
color and axial ratio) to produce log(G/S) distributions
for each galaxy. These estimates of log(G/S) are created
using the RESOLVE-A data set and are therefore ideal
for use on volume-limited surveys, as validated by testing
on the RESOLVE-B HI data set in E15.
To compute cold baryonic mass, we perform a “pseudo-
convolution” of the stellar mass likelihood distribution
for a given galaxy with the HI mass likelihood distribu-
tion implied by its HI data (for good detections) or in-
ferred from its PGF-estimated log(G/S) distribution (for
missing, low S/N, or badly confused detections). The de-
tails are provided in E16. This algorithm results in a cold
baryonic mass likelihood distribution, from which we can
take the median if a single value for the galaxy’s baryonic
is necessary. (We use the full distribution by default.)
2.3. Group Stellar, Cold Baryonic, and Halo Masses
The fact that RESOLVE and ECO are volume lim-
ited enables optimal group finding, for which we use the
Friends-of-Friends (FOF) algorithm from Berlind et al.
(2006). This algorithm links galaxies that are within
a specified projected and line-of-sight linking length
into groups. The projected and line-of-sight linking
lengths determined in Berlind et al. (2006), respectively
b⊥ = 0.14 and b‖ = 0.75 times the mean separation be-
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Table 1
RESOLVE and ECO Group Catalog Description
Column Description
1 RESOLVE or ECO galaxy ID
2 group ID
3 group N
4 group RA
5 group Dec
6 group cz
7 HAM halo mass (MHAM
halo
, based on group Lr)
8 HAM halo mass (MHAM
halo
, based on group Mstar)
9 dynamical halo mass (Mˆdyn
halo
, scaled by A = 9.9)
10 stacked dynamical halo mass (scaled by A = 9.9)
11 hybrid dynamical halo mass (MH−dyn
halo
)
12 group-integrated stellar mass (group Mstar)
13 group-integrated cold baryonic mass (group Mcold
bary
)
14 central galaxy flag (brightest galaxy in Lr)
15 group velocity dispersion (σgrp, using Gapper method)
16 group projected radius (Rproj , using percentile method)
tween objects, were designed to reproduce the multiplic-
ity function and projected sizes of groups with N > 10
members. Based on our own work as well as that of
Duarte & Mamon (2014) and Robotham et al. (2011),
we use projected and line-of-sight linking lengths better
geared toward recovery of low-N groups and dynamical
masses: b⊥ = 0.07 and b‖ = 1.1 times the mean separa-
tion between objects (for more detail see §3.5.1 of E16).
Since RESOLVE-B is a small volume (and overdense due
to cosmic variance, E16), we fix its linking lengths to
equal those computed for a version of ECO that extends
to Mr,tot = −17.0, i.e., a version of ECO with depth
analogous to RESOLVE-B but without its overdensity
(see M15). After running the FOF code, each galaxy is
assigned to a group. We consider galaxies that are iden-
tified as being alone in their halo as N = 1 groups with
isolated “central” galaxies.
As a consequence of the FOF group finding algorithm,
many isolated N = 1 groups are falsely linked into pairs.
To cut down the number of false pairs, we use a mock
catalog, for which we know the true pairs, to identify a
region in ∆cz – Rproj space containing 95% of true pairs.
Breaking up all pairs outside this region into groups of
N = 1, the percentage of true pairs in the FOF group
catalog increases from 62% to 73%. For further informa-
tion on the algorithm used to break up false pairs, see
the Appendix.
To describe the mass content of groups in this work, we
use three different types of metrics: the group-integrated
stellar and cold baryonic mass (group Mstar and M
cold
bary,
the group halo mass determined through halo abundance
matching (MHAMhalo ), and the group total mass determined
from dynamics (Mdynhalo). We have also provided machine
readable tables with the group information and quanti-
ties described in the following sections for the RESOLVE
and ECO galaxy catalogs. The columns of the data pro-
vided in the two tables are given in Table 17.
7 The coordinates provided in the table have been updated to re-
flect changes described in the erratum to E15 that affect 29 galaxies
in RESOLVE-B. These updated coordinates change the measured
Rproj for affected groups by less than 2%. Group stellar masses
have not been updated to reflect the changes described in the er-
ratum as most differences in the stellar mass estimates are < 0.03
2.3.1. Group-Integrated Stellar and Cold Baryonic Mass
The group-integrated stellar and cold baryonic masses
(group Mstar and M
cold
bary) are the respective sums of the
stellar and cold baryonic masses of all galaxies within
the group. To compute the likelihood distributions of
these integrated masses for each group, we use a pseudo-
convolution method similar to the method used to com-
pute galaxy baryonic mass in E16. We do this so that we
can use the mass likelihood distributions for each group
with the cross-bin sampling technique of E16 to deter-
mine smooth group-integrated mass functions and un-
certainty bands (see §3.1).
Briefly, for groups with N = 1 member, the group-
integrated mass likelihood distribution is the mass like-
lihood distribution of the single galaxy. For groups with
N > 1 members, we start with the two least massive
galaxies. First, we compute the mass likelihood distribu-
tions of both galaxies divided into bins of linear spacing
∆M, which can range from 1/100 to 1/2 of the small-
est mass with likelihood >1e-4. The range accounts for
the potentially large difference in mass between the two
galaxies (possibly a factor of 10–100) to keep the cal-
culation from taking too long. We then perform the
“pseudo-convolution” by computing the new mass and
likelihood for each possible mass combination of the two
galaxies. This pseudo-convolution is repeated with each
resulting mass likelihood distribution and successively
more massive galaxy in the group (updating ∆M for each
round) to produce the groupmass likelihood distribution.
To assign a specific stellar or baryonic mass value to a
group, we use the median of its mass likelihood distribu-
tion. The typical uncertainties on these group-integrated
masses are comparable to the factor of ∼1.5–2 uncertain-
ties on stellar masses from SED fitting.
We can estimate the neglected stellar and cold bary-
onic mass contribution from satellites below the sur-
vey limit floor by using the satellite mass functions
from E16. First we normalize the satellite mass func-
tions in each group halo mass regime presented in E16
(divisions at 1011.4 M⊙, 10
12 M⊙, and 10
13.5 M⊙).
Then we fit a line to the low-mass slope to extrapo-
late the satellite mass function below our survey mass
limits, and we integrate the extrapolated total mass
in satellites from our survey limit down to Mstar or
M coldbary = 10
6 M⊙. In the nascent group halo mass
regime (Mhalo = 10
11.4−12 M⊙), we find that satellites
below our mass limits contribute an additional ∼2%–
4% to group Mstar and ∼7%–8% to group M coldbary. In
the large group halo mass and cluster mass regimes
(Mhalo = 10
12.0−13.5 M⊙ and Mhalo > 10
13.5 M⊙) the
contribution falls to ∼1.5% for group Mstar and ∼3%–
4% for group M coldbary. To estimate the contribution from
satellites below our luminosity limit for our lowest group
halo mass regime (for which the satellite mass function
is mostly incomplete), we scale the extrapolated slopes
for the nascent and large-group halo satellite mass func-
tions to estimate a range. In this halo mass regime, the
satellite contribution to groupMstar ranges from 3%–8%
and to group M coldbary ranges from 8%–14%, depending on
the slope used.
While these contributions from galaxies below our sur-
dex
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vey floor have not been added to our group-integrated
stellar and cold baryonic masses, we do include mass from
missing galaxies above our mass limit in ECO using the
group completeness corrections described in §2.4.
2.3.2. Group Halo Abundance Matching
Group halo abundance matching (HAM) uses the
cumulative number density of groups based on some
group quantity (such as group luminosity) and matches
the groups to halos of corresponding cumulative num-
ber density in simulations. In this work we per-
form HAM using the halo mass function (HMF) from
Warren et al. (2006), adopting a cosmological model
with H0 = 70 km s
−1Mpc−1, Ωm = 0.3, and σ8 = 0.9.
We use both the group-integrated r-band luminosity
(group Lr) down to the survey absolute magnitude floor
and groupMstar to perform the matching. In particular,
we note that galaxy Lr correlates more tightly with cold-
baryonic mass than with stellar mass (K13), suggesting
that group Lr should also correlate tightly with group
Mcoldbary. Warren et al. (2006) use the standard simulation
linking length parameter b = 0.2, finding that these FOF
halos are roughly equivalent to halos defined atM280b or
at an overdensity of 280 times the background density of
matter. This method assumes that group halo mass can
be determined based on the group properties correspond-
ing to the stellar or cold-baryonic content of groups and
that every halo is populated by a galaxy. The first as-
sumption implies a monotonic relationship between the
HAM group halo mass and groupMstar orM
cold
bary as seen
in Figure 1a. This assumption will fail in the presence of
significant variations in hot baryon fraction.
2.3.3. Group Dynamical Masses
For groups with multiple members, we compute dy-
namical masses using the relative velocities and projected
distances of the galaxies from the group center. We use
the virial theorem to calculate the dynamical mass.
Mˆdynhalo = A
σ2grpRproj
G
(1)
where σgrp is the velocity dispersion of the group, Rproj
is the projected radius of the group, and A is a multi-
plicative scale factor. The scale factor accounts for the
projected radius not being the virial radius.
To measure σgrp, we use the Gapper method
(Beers et al. 1990), which is more robust than a simple
rms for low-N groups. The Gapper method weights the
radial velocities of the galaxies in each group using the
formula:
σGapper =
√
pi
n(n− 1)
N−1∑
i=1
∆viwi (2)
where N is the number of galaxies in the group, ∆vi is
vi+1− vi (the velocities have been ordered from smallest
to largest), and wi = i(N − i).
The group’s projected radius is measured relative to
the group center computed by taking the mean of the
member galaxies’ RA and Dec coordinates. Using the
technique from Robotham et al. (2011), we order the
galaxies’ projected radii from the center from smallest
to largest and assign to each ordered radius the per-
centage of galaxies within that radius (0%–100%). We
then find the radius corresponding to the 75th percentile
to be the projected radius (thus the two galaxies with
percentiles bracketing 75 determine the group radius).
We use a larger percentile than the preferred 50th per-
centile used in Robotham et al. 2011, which best recov-
ered group radii for N > 20 groups, but also developed
artifacts for low-N systems due to group finding errors
and the group radius definition. These artifacts are re-
duced when using a larger percentile definition, although
choosing too large a percentile will result in projected
radius measurements that are susceptible to outliers.
The underlying assumption of the dynamical approach
to mass estimation is that the group halo is virial-
ized, which may or may not be a safe assumption.
To assess the validity of this assumption, we use the
Anderson–Darling test (A–D test) following the methods
of Hou et al. (2009) to look for whether the distribution
of radial velocities is consistent with a Gaussian distri-
bution. The A–D test is considered robust for N ≥ 5
systems (D’Agostino & Stephens 1986), and we find that
∼90% of our groups with N ≥ 5 can be classified as viri-
alized.
In Figure 1, we show group M coldbary vs. M
HAM
halo (using
group Lr) and vs. Mˆ
dyn
halo for RESOLVE-B and ECO. The
built-in relationship between groupM coldbary andM
HAM
halo is
apparent, while the relationship between group M coldbary
and Mˆdynhalo shows more scatter, especially towards lower
mass groups that have fewer galaxies with which to com-
pute the dynamics. We have scaled Mˆdynhalo by A = 9.9,
which minimizes the offset between HAM and dynamical
group mass estimates for groups with N > 7. The HAM
masses already match the simulation HMF by construc-
tion.
2.3.4. Group Dynamical Masses Through Stacking
For low-N groups, dynamical masses are less reliable
and for singleton and pair groups, they are impossible
to calculate. Therefore, for groups with N > 2 we stack
groups of similar properties and compute the velocity
dispersion and projected radius from a larger number of
galaxies.
To compute the stacked dynamical masses, we first
need to determine what group properties to stack on.
For the first parameter we use the group-integrated lu-
minosity, which to first order should track the mass of
the group. For the second parameter, we have tested dif-
ferent quantities that may relate to the dynamical state
of the group by examining whether they correlate with
residuals from the relation between MHAMhalo and Mˆ
dyn
halo
in N > 7 member groups (Figure 2). Typically, a cutoff
of N = 10 is used for reliable dynamical mass measure-
ments, however we have chosen N > 7 because the dis-
tribution between the two variables is roughly Gaussian
in this regime and we can increase the sample of groups
from 34 to 51. The parameters are: projected radius
normalized to the median projected radius for a given
group Lr (Rproj/< Rproj >), u − r color of the central
galaxy, r-band magnitude gap, and u− r color gap. The
last two are computed between the central (the brightest
galaxy in Mr,tot) and the brightest satellite (the second
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Figure 1. Group Mcold
bary
(including satellite completeness corrections, see §2.4) vs. Mhalo measured by (a) HAM and (b) dynamical
estimates. ECO is shown in blue and RESOLVE is shown in orange. The black line shows a one-to-one relationship shifted down by 2 dex.
Groups with N > 4 are shown as open circles. MHAM
halo
is closely correlated to the group Mcold
bary
since we have used group r-band luminosity
(group Lr) to perform the abundance matching and Lr correlates closely with cold baryonic mass (K13). Dynamical estimates are shown
only for groups with N > 4 members and show larger scatter with baryonic content at lower halo masses due to having fewer members for
the dynamical mass calculation.
brightest galaxy in Mr,tot).
The normalized projected radius may reveal offsets in
dynamical mass to the extent that the degree of com-
pactness relates to dynamical status. Since Rproj goes
into the dynamical mass measurements, there is covari-
ance between this quantity and halo mass residuals.
The magnitude gap between the central and brightest
satellite has been used as a tool to detect groups and
clusters that assembled early and hence are more dy-
namically relaxed (e.g., Ponman et al. 1994; Jones et al.
2003). The recent merger history of halos, however, may
enhance or diminish magnitude gaps within groups, mak-
ing them less reliable as an indicator of early assembly
(von Benda-Beckmann et al. 2008; Dariush et al. 2010).
More recent work has examined the use of galaxy color
to perform age distribution matching (along with HAM,
e.g., Hearin & Watson 2013), suggesting that the color
of the central or of the entire group may be useful for
quantifying the assembly history of the group. Based
on these studies, we explore the central galaxy color as
well as a quantity that we call the color gap, which is
the difference in color between the central and brightest
satellite.
We find that Rproj/< Rproj > yields the most sig-
nificant correlation with ∆logMhalo using the Spearman
rank correlation test, with a correlation coefficient of
−0.54 and relatively little scatter. The r-band magni-
tude gap and u−r color gap also yield significant correla-
tions with halo mass residuals, although both have small
correlation coefficients compared to Rproj/< Rproj >.
It is interesting that the color gap yields such a signif-
icant correlation (albeit with large scatter), as it sug-
gests that deviations between dynamical and HAM mass
may be related to deviations from galaxy conformity, the
empirical result showing that satellites tend to have col-
ors and star formation histories similar to their central
(Weinmann et al. 2006).
We use Rproj/< Rproj > along with group Lr to stack
N > 2 groups in bins of 0.2 and 0.25 mag respectively.
We then compute the stacked group dynamical mass for
each bin, which is applied to all groups in that bin.
2.3.5. Final Dynamical Group Mass Estimates
To determine final dynamical mass estimates, we rely
on a combination of measured and stacked estimates at
high N and stacked and HAM estimates at low N . We
also calibrate the hybrid dynamical masses to match the
cumulative HMF. We label this hybrid dynamical mass
MH−dynhalo to distinguish it from the directly measured dy-
namical masses that have been scaled by a single constant
Mˆdynhalo.
For groups with N ≥ 15, we use the measured dy-
namical mass. For groups with 3 ≤ N ≤ 7, we use the
stacked dynamical mass estimates. For groups with N
between 7 and 15, we transition smoothly between these
two regimes by using a linear combination of the stacked
dynamical mass estimate and the directly measured dy-
namical estimate as given by equation 3:
MH−dynhalo = a×Mdynhalo + (1− a)×Mdyn,stackhalo (3)
where a (equation 4) is a linear function of N such that
a = 0 at N = 7 and a = 1 at N = 15.
a = 0.125N − 0.875 (4)
We have chosen N = 15 as our upper cutoff, as dynami-
cal masses for groups with N ≥ 15 are very reliable. We
have chosen N = 7 as our lower cutoff as the directly
measured dynamical masses down to N = 7 still show
roughly symmetric scatter with HAM halo masses as de-
scribed in §2.3.4. For N < 7, the scatter becomes asym-
metric and we must rely on the stacked dynamical masses
completely.
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Figure 2. Residual correlations between ∆logMhalo and (a) Rproj/< Rproj > the projected radius normalized to the median projected
radius at a given group Lr, (b) u − r color of the central, (c) r-band magnitude gap, and (d) u − r color gap. Only groups with N > 7
members are shown, and ∆logMhalo is computed as the difference between the log of M
HAM
halo
and the log of Mˆdyn
halo
(scaled by A = 9.9).
Groups that fail the A–D test (i.e., that are not virialized) are shown in red. The Spearman rank correlation coefficient and probability
of no correlation are reported as R and P respectively. Rproj/< Rproj > yields the most significant correlation with ∆logMhalo with the
highest coefficient of correlation and the least scatter. The color of the central does not show a significant correlation with ∆logMhalo. The
r-band magnitude gap and u−r color gap do show significant correlations with ∆logMhalo, although with smaller coefficients of correlation
and greater scatter than for Rproj/< Rproj >.
Before comparing with the HAM masses and address-
ing the low-N systems further, we must calibrate our
dynamical halo masses. In Figure 3a, we show the the-
oretical HMF of Warren et al. (2006) as a grey line and
the HMF of the ECOMHAMhalo as a light purple histogram
(matched to the theoretical HMF by definition). We also
show the MHAMhalo HMF for N > 2 groups as a dark pur-
ple histogram. The Mˆdynhalo HMF for N > 2 groups us-
ing a constant scale factor of A is shown as the green
cross-hatched histogram, which overproduces intermedi-
ate mass groups near ∼1012.5 M⊙. Since we do not nec-
essarily think that the characteristic group radius should
stay the same as a function of group mass, we determine
a scale factor A(σgrp) that preserves the theoretical cu-
mulative HMF. To do this, we perform HAM between the
cumulative mass function of the raw dynamical masses
and the cumulative HMF (combining the ECO N > 2
MHAMhalo HMF at low masses with the theoretical HMF at
high masses). We then plot the ratio of the abundance
matched halo masses to the raw dynamical masses as a
function of group velocity dispersion. The fit to the data
is shown in pink in Figure 3b, and we use this A(σgrp)
scale factor to create theMH−dynhalo HMF forN > 2 groups
(pink cross-hatched histogram), which better reproduces
the theoretical (N > 2) HMF than using the constant
value of A. At large halo mass, we note that the ECO
dynamical mass HMF overpredicts groups relative to the
theoretical HMF. These are the few largest clusters in
ECO (including the Coma cluster) and thus their num-
ber densities are highly subject to cosmic variance.
To incorporate HAM masses at low N , we construct a
linear combination of the HAM and stacked dynamical
masses for groups with 3 ≤ N ≤ 5, increasing the con-
tribution from stacked dynamical masses as a function
of N. For groups with N = 1 and 2, we must rely solely
on the HAM mass estimate. We note that the scatter
in group cold baryonic mass to HAM mass is ∼0.14 dex
over the group baryonic mass range of 1010.5−11.5 M⊙
(after removing the relationship with a 2nd order poly-
nomial), while the scatter in group cold baryonic mass
to dynamical mass over the same group baryonic mass
range is ∼0.32 dex. The larger scatter relative to dynam-
ical mass is partially due to measurement uncertainties,
although the smaller scatter for HAM masses is built in
due to the tightness between group Lr and cold bary-
onic mass (K13). To assess the contribution from mea-
surement uncertainty to the dynamical mass scatter, we
determine the error on σgrp for groups with N > 15.
We also determine the uncertainty due to projection ef-
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fects on σgrp and Rproj by examining the scatter in σgrp
and Rproj at fixed σgrp and Rvir for known groups in a
mock catalog (the same mock catalog as used in the Ap-
pendix). By propagating these uncertainties through the
measurement of dynamical masses, we find that the typ-
ical measurement error on the dynamical mass is ∼0.22
dex. In this analysis of uncertainty, we have excluded
group finding errors, which also affect the HAM masses.
Taking the quadrature difference between the measured
scatter (0.32 dex) and the measurement uncertainty (0.22
dex), we find that the intrinsic scatter in dynamical mass
is likely closer to 0.23 dex. Thus to create a smooth tran-
sition from N = 1 and 2 groups to N ≥ 3, we match the
scatter in HAM masses of N = 1 and 2 groups to 0.23
by adding 0.18 dex scatter (the quadrature sum of 0.18
and 0.14 is 0.23).
In Figure 4 we show group M coldbary vs. group M
H−dyn
halo
and group MHAMhalo vs. group M
H−dyn
halo for all groups.
MH−dynhalo combines the direct and stacked dynamical
mass estimates and HAM mass estimates with scatter
into one group mass variable. We note that the curva-
ture between halo mass and group-integrated cold bary-
onic mass seen in Figure 1 using the HAM group halo
masses is also apparent in Figure 4a when using the dy-
namical group halo masses, albeit with larger scatter.
Examining the scatter in Figure 4b in greater detail,
we note that at fixed MH−dynhalo the scatter in M
HAM
halo
abruptly decreases below 1012 M⊙. At fixed M
HAM
halo ,
we find that the scatter in MH−dynhalo below 10
12 M⊙
is asymmetric, with greater scatter towards higher dy-
namical mass than lower dynamical mass. These scatter
trends highlight the limitations of our data set as we go
to lower group masses where groups have fewer galax-
ies with which to accurately measure dynamical masses.
They also suggest, however, that there is greater scatter
between cold baryonic content within low-mass groups
than is evident from HAM group mass estimates.
2.4. Group Completeness Corrections for ECO
In §2.1 we discussed galaxy completeness corrections
computed for ECO to account for galaxies that are bright
enough to be included in our survey, but were missed
due to either fiber collisions or photometry issues. These
completeness corrections are produced to account for
galaxies above our survey absolute magnitude limit. We
extend these galaxy completeness corrections to group
completeness corrections with the following simple algo-
rithm.
The largest completeness corrections are for low-
luminosity galaxies, which are generally either satellites
of larger groups or low-mass galaxies in N = 1 groups.
Therefore we consider two types of completeness correc-
tions for groups: corrections for satellites, which affect
the mass of the group, and corrections for centrals, which
affect the number density of groups.
For satellite completeness corrections, we use each
satellite’s galaxy completeness correction to compute the
weighted sum of stellar and cold baryonic mass in pro-
ducing group Mstar and M
cold
bary. The central galaxy is
automatically given a completeness correction of 1.0 (no
correction). Typically, group-integrated stellar and cold
baryonic masses are increased by ≤5%–10%. To include
these satellite completeness corrections in the group stel-
lar and baryonic mass distributions computed in §2.3.1,
we scale the mass distribution of each satellite by its
completeness correction before performing the pseudo-
convolution.
For central completeness corrections, we use the galaxy
completeness correction of each group central to weight
the group mass functions and density fields presented
in §3. In this case, we expect to miss N = 1 groups,
but not large groups. Indeed, we find that the central
completeness corrections increase the number of N =
1 groups by ∼18%, while they increase the number of
N > 7 groups by ∼3%.
These group completeness corrections have not been
explicitly accounted for in the group finding, HAM, or
dynamical mass measurements. Truly accounting for the
missing galaxies, however, would affect all three. We
note that increasing the number densities of low-mass
groups will systematically shift the HAM masses to lower
masses. We also note that the satellite completeness cor-
rections increase the group-integrated masses by ≤5%–
10%, which will also affect HAM mass estimates. For dy-
namical mass estimates, we can only rely on the galaxy
data available to estimate velocity dispersions.
2.5. The Semi-analytic Model Mock Catalog
To compare our results with models of galaxy evolu-
tion, we create a mock catalog based on the SAM de-
scribed in Gonzalez-Perez et al. (2014), which builds on
the Lagos et al. (2012) model. This SAM is a variant of
the galformmodel (Cole et al. 2000) and is particularly
relevant to this work because it calculates separately the
cold atomic and molecular gas components, which en-
ables both implementation of more realistic star forma-
tion prescriptions using only the molecular gas compo-
nent (Lagos et al. 2011a,b) and direct comparison with
our cold atomic gas data.
The galform model starts with the dark matter only
Millennium simulation halo merger trees (Springel et al.
2005). This particular SAM uses the Millennium run
with the WMAP 7 cosmology (Ωm = 0.27, ΩΛ = 0.728,
H0 = 70.4 km s
−1; Komatsu et al. 2011). The formation
and evolution of galaxies are built on top of the dark mat-
ter only foundation by adding gas to halos and following
prescriptions for gas heating (in the form of shocks and
feedback from stars and active galactic nuclei, AGN), gas
cooling, star formation, metal enrichment, and black hole
formation. We refer the reader to Gonzalez-Perez et al.
(2014) for an in depth description of these processes. We
note, however, that the SAM used in this work differs
from that of Gonzalez-Perez et al. (2014) in its treat-
ment of a galaxy’s hot gas once it becomes a satellite
within a larger halo. In Gonzalez-Perez et al. (2014), the
satellite’s hot gas is immediately stripped upon entering
the halo. In the SAM used in this work, a ram pres-
sure stripping algorithm described in Lagos et al. (2014)
gradually removes the satellite’s hot gas. The gradual
stripping of gas results in higher cold gas fractions in
early type galaxies due to the continuing accretion of gas
from the satellite’s cooling hot halo, in better agreement
with observations (Lagos et al. 2014). While this change
in hot gas stripping of satellites clearly affects galaxy
cold baryon content, it is less certain how it should af-
fect the group M coldbary, as the stripped satellite hot gas
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Figure 3. Method to determine the scale factor A(σgrp) for the dynamical mass estimates (using both the direct and stacking estimates).
(a) The ECO HMF for MHAM
halo
(light purple filled histogram) by construction matches the Warren et al. (2006) HMF (grey thick line).
The ECO HMF for MHAM
halo
for N > 2 groups only (dark purple filled histogram) is shown for comparison to the HMF of dynamical
masses. The HMF of Mˆdyn
halo
(scaled by a constant factor of A, green crosshatched histogram) overproduces intermediate-mass groups of
mass ∼1012.5 M⊙. The HMF of M
H−dyn
halo
scaled by A(σgrp) (pink cross-hatched histogram) is calibrated to reproduce the cumulative
HMF for N > 2 groups. (b) To determine the scale factor A(σgrp), we find the HAM and dynamical halo masses at each group’s cumulative
number density and plot their ratio as a function of log(σgrp). Since we do not want to account for groups of N = 1 and 2, we use the
cumulative HMF from the HAM estimates and join it to the cumulative HMF from theory at high masses (where ECO has less data).
To fit the data, we take the median of the halo mass ratio at high and low sigma (where the relationship is relatively flat) and fit a line
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Figure 4. (a) Group Mcold
bary
(including satellite completeness corrections) and (b) MHAM
halo
vs. MH−dyn
halo
using direct and stacking mea-
surements at large N and stacking measurements and HAM at low-N . ECO is shown in blue and RESOLVE is shown in orange. The black
line shows a one-to-one relationship shifted down by 2 dex in panel (a) and a one-to-one relationship in panel (b). Groups with N > 7
are shown as open circles, while groups with 3 ≤ N ≤ 7 are shown as medium sized dots and groups with N = 1 and 2 are shown as small
dots. Groups are assigned mass according to group N as described in §2.3.5.
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could still cool onto the central galaxy. The cooling of
gas depends on the cooling and dynamical timescales of
the (sub)halo and thus gas that may have cooled onto the
satellite may not cool onto the central galaxy. It should
be noted that the ram pressure stripping here removes
the hot gas and not the cold gas as originally described
in Gunn & Gott (1972). While ram pressure stripping
is an effective means of removing galaxy cold gas, it pri-
marily affects satellites of the largest clusters, of which
there are relatively few in RESOLVE and ECO.
For direct comparison to the RESOLVE-B and ECO
data sets we have produced a mock catalog from the
z = 0 output of the SAM, by converting the positions
and velocities of its galaxies to RA, Dec, and redshift.
To compute RA and Dec, we convert from Cartesian to
spherical coordinates with the origin placed at the center
of the box. To compute redshift, we measure the distance
to each galaxy from the origin and obtain the cosmologi-
cal redshift using a Hubble constant of 70 km s−1 Mpc−1.
The redshift velocity is added to the velocity of the
galaxy within the simulation, which corresponds to its
peculiar velocity.
The SAMmock catalog extends to cz = 15,000 km s−1,
although we cut down the volume to a spherical shell ex-
tending between cz=2530–7470 km s−1 and select galax-
ies brighter than Mr = −17.33 (similar to ECO). To
ensure that the SAM absolute magnitudes are roughly
consistent with the reprocessed magnitudes for ECO, we
examine the r-band luminosity function for ECO (com-
pleteness corrected) and for the entire z = 0 SAM box
(for greater statistics than the smaller mock catalog).
The SAM luminosity function has a shape similar to that
of ECO, albeit offset towards fainter magnitudes. Based
on this comparison, we have shifted the SAM magnitudes
brighter by ∼0.2 mag to be consistent with the ECO lu-
minosity function near Mr,tot = −23.0, where the ECO
luminosity function reaches 10 galaxies per Mpc3. The
final mock volume is ∼1649480 Mpc3 and has an over-
all number density of galaxies brighter than −17.33 of
∼0.0233 Mpc−3 (similar to the completeness corrected
ECO number density of ∼0.0247 Mpc−3).
We perform FOF group finding and HAM for the SAM
using the same codes as described in §2.3 so that we can
examine both the “true” groups and the “FOF” groups
that would be identified by an observer with group find-
ing errors. We perform the same algorithm to break up
false pairs as was used for the ECO and RESOLVE-B
data sets. To reduce errors in group finding due to galax-
ies with large peculiar velocities, we further cut down the
mock to galaxies with group redshifts within a spherical
shell 3000–7000 km s−1 (similar to ECO). Within this
smaller volume, there are 65,784 true groups (57,109 are
N = 1) and there are 69,161 FOF groups (58,587 are
N = 1).
For both the true and FOF groups we have measured
the groupMstar and M
cold
bary. We note that the IMF used
in the model is that of Kennicutt (1983b), different from
the Chabrier (2003) IMF used to compute stellar masses
for RESOLVE-B and ECO. The two IMFs yield similar
mass-to-light ratios, so we do not expect this difference
to cause significant systematics in comparing the model
and the data. For cold baryonic mass, we sum the stel-
lar and cold atomic gas mass in each galaxy, for which
cold atomic gas mass is defined as 1.4MHI to account for
helium. While the SAM records the exact amount of HI
mass in each galaxy, our observations frequently allow us
to constrain the gas mass as an upper limit ∼5%–10% of
the galaxy’s stellar mass. To reflect this observational ef-
fect on the SAM, we replace the gas mass with 0.05Mstar
if its value is less than 5% of the stellar mass.
To ensure that the SAM true and FOF group halo
masses are consistent with the ECO data, we compare
the HMFs. We find no significant offset and thus we
apply no correction to the group halo masses.
3. GROUP MASS FUNCTIONS AND BARYON FRACTIONS
We now examine the group-integrated stellar and cold
baryonic mass functions (or group SMF and CBMF) and
group-integrated stellar and cold baryon fractions for the
RESOLVE-B and ECO data sets as well as for the SAM
mock catalog.
3.1. Group Mass Functions
To measure the group SMF and CBMF for RESOLVE-
B and ECO, we adapt the cross-bin sampling technique
described in E16. For the galaxy MFs in E16, this
method first combines all individual mass likelihood dis-
tributions into one combined survey mass likelihood dis-
tribution by summing the likelihoods in each bin. Then
the overall stellar or baryonic mass functions are con-
structed by sampling from the combined survey mass
likelihood distribution 1000 times in a Monte Carlo fash-
ion. From these 1000 samples, we determine the median
and the uncertainty bands (16th-84th percentiles of the
mass functions). In this work, rather than constructing
the mass likelihood distribution of all the galaxies in our
data set, we construct the mass likelihood distribution of
all the groups in our data set, using the individual group
mass likelihood distributions computed in §2.3.1. As in
E16, the likelihoods for ECO are weighted by the central
completeness correction factor (described in §2.4).
The group SMFs for RESOLVE-B and ECO are shown
in Figure 5a. The fact that RESOLVE-B is elevated over
ECO is due to cosmic variance. In E16, we found that
RESOLVE-B is overdense at intermediate and low galaxy
masses, although underdense at large masses due to a
lack of cluster sized halos, compared to ECO. Figure
5a also compares the group SMF with the HMF from
Warren et al. (2006), which does not include the contri-
bution from subhalos and is scaled by a universal baryon
fraction of 0.15 (Planck Collaboration et al. 2014) for di-
rect comparison with the data. We also use this HMF
to assign HAM halo masses to the data and SAM mock
catalog.
At high masses, the group SMF drops off more steeply
than the universal baryon fraction scaled HMF. Around
Mstar = 10
10.9 M⊙ the group SMF reaches a maximum
compared to the HMF, which we determine by finding
the group Mstar at the maximum of the ratio between
the group SMF and the universal baryon fraction scaled
HMF. Below 1010.9 M⊙, the group SMF exhibits a shal-
low rise, even shallower than the galaxy SMF (not shown,
see E16). This slow rise reflects the fact that low-mass
satellites from the galaxy SMF are removed from the
low-mass end and placed into high-mass groups in the
group SMF. This result clearly illustrates the large gap
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Figure 5. Group (a) SMF and (b) CBMF for ECO (blue) and RESOLVE-B (orange) determined using the cross-bin sampling method
of E16. The cross-hatched regions show the 16th-84th percentile uncertainty bands and the black vertical lines designate the group Mstar
and Mcold
bary
completeness limits. The theoretical dark matter HMF of Warren et al. (2006) scaled by a universal baryon fraction of 0.15
(Planck Collaboration et al. 2014) is shown in black. In both panels the group MFs fall short of the theoretical HMF at both high and low
masses. The black dashed line in panel (a) shows the double power law fit to the group SMF given in Yang et al. (2009). The dark blue and
orange lines in both panels show our fits using the same model for the ECO and RESOLVE group MFs. The group CBMF shows similar
behavior to the group SMF at high masses and a steeper low-mass slope, as also seen in the galaxy mass function due to the abundance of
gas-dominated galaxies at low halo masses (E16).
between the group SMF and dark matter HMF at low
group-integrated stellar masses.
To compare with previous work, we overplot the dou-
ble power-law fit to the group SMF from Yang et al.
(2009) in Figure 5a as a black dashed line. They used
the Yang et al. (2007) group catalog constructed from
the NYU-VAGC SDSS galaxy catalog (Blanton et al.
2005b). Their group finding algorithm used FOF to de-
fine potential groups and then an iterative process to
assign galaxies to each potential group based on its mass
and size. To fit their group SMFs, they used the equa-
tion:
φ(m) = φ∗
( m
M∗
)α
(x0 + (
m
M∗
)4)β
(5)
and found parameters: φ∗ = 0.00731, logM∗ = 10.67,
x0 = 0.7243, α = −0.2229, and β = 0.3874.
We have performed fits using a modified version of this
double power law model, fixing x0 = 1 since this parame-
ter is not well constrained by our data. We find that fix-
ing x0 affects the values of φ∗ and logM∗ but not α and β.
Our own fits using this modified double power law model
are shown as solid orange and blue lines for RESOLVE-
B and ECO respectively and the model parameters are
given in Table 2. We find a similar low-mass slope for
both RESOLVE-B and ECO of α ∼ −0.2 to that found in
Yang et al. (2009). At higher group masses, we observe
slight differences in the group SMF knee and high-mass
falloff between ECO and the fit from Yang et al. (2009),
though these are likely within systematic uncertainties
between studies such as the stellar mass estimation and
cosmic variance. For RESOLVE-B, the double power law
model does not fit the data well at high masses, as can
be seen by the fit as well as the large errors on the β pa-
rameter, which describes the power law slope of the high
mass end. The poor fit at high masses is likely due to the
fact that RESOLVE-B is a small volume (i.e., highly sub-
ject to cosmic variance) and has no large clusters of mass
> 1013.5 M⊙ (E16), resulting in a very steep dropoff at
high group masses. It was further shown in E16 that it
is possible to reconstruct the RESOLVE-B galaxy mass
function by scaling a set of basis conditional mass func-
tions (galaxy mass functions broken down into different
halo mass regimes) by the number of group halos in each
halo mass regime, thus suggesting that a given survey’s
mass function can be determined by its halo mass distri-
bution.
The group CBMFs for RESOLVE-B and ECO are
shown in Figure 5b. At high mass, they are very sim-
ilar to the group SMFs, since high mass groups gener-
ally have little cold gas (e.g., Haynes et al. 1984). In-
deed we find that the power-law slopes of the high-mass
ends are very similar between the group SMF and CBMF
(β ∼ 0.3 for ECO; we note that RESOLVE-B is not well
constrained at high masses). At M coldbary = 10
10.9 M⊙ the
group CBMF also reaches its relative maximum to the
group HMF (measured again by finding the groupM coldbary
at the maximum of the ratio of the group CBMF to the
scaled HMF). Below 1010.9 M⊙, the group CBMF rises
more steeply than the group SMF (αSMF ∼ −0.24 vs.
αCBMF ∼ −0.35), similar to the galaxy BMF vs. SMF
shown in E16. However, the group CBMF is still not as
steep as the HMF.
At all masses, the group SMF and CBMF fall below
the scaled HMF, although perhaps for different reasons.
In large groups, we expect that hot gas dominates the
baryon content, and we will examine its effect on the
group BMF in §3.3. At lower masses, the separation
from the HMF may also be indicative of unaccounted for
gas (see §4.2) or due to other processes related to galaxy
and group formation.
In Figure 6, we show the group SMF (magenta) and
CBMF (light pink) for the FOF groups in the SAM mock
catalog. We note that the results do not change signif-
icantly if we use the true groups rather than the FOF
groups. Since the galaxy masses are known to precision
(albeit with systematic errors due to the assumptions in
12 Eckert et al.
Table 2
Fitting Parameters for Group Integrated Mass Function
data φ∗ logM∗ α β
dlogM−1Mpc−3 log(M⊙)
RESOLVE-B group SMF 0.0043 ± 0.0011 11.02 ± 0.28 -0.20 ± 0.05 0.41 ± 0.31
ECO group SMF 0.0035 ± 0.0002 10.76 ± 0.04 -0.24 ± 0.01 0.33 ± 0.02
RESOLVE-B group CBMF 0.0035 ± 0.0018 11.26 ± 0.46 -0.36 ± 0.07 1.17 ± 3.25
ECO group CBMF 0.0048 ± 0.0003 10.73 ± 0.04 -0.35 ± 0.02 0.29 ± 0.02
the model such as the IMF, star formation prescription,
and gas definition), we bin the values and assume Poisson
error bars for each bin.
At high mass (>1011 M⊙), the group SMF and CBMF
for the SAM are similar to the ECO group SMF and
CBMF (overplotted in dark and light blue respectively).
Below ∼1011 M⊙, however, the SAM group SMF and
CBMF deviate significantly from the data. We find
that the SAM contains many fewer groups with group
M coldbary . 10
11 M⊙. The knee of the SAM group SMF
and CBMF is located at higher masses than that ob-
served in ECO. We explore the location of the knee of
the group SMF and CBMF and its relation to the feed-
back implementation in the model in more detail in §4.1.
The SAM group SMF and CBMF then rise more steeply
at the lowest group halo masses.
3.2. Group Stellar & Cold Baryon Fractions
We now examine group-integrated stellar and cold
baryon fractions as a function of halo mass for ECO and
RESOLVE-B. These fractions are defined as the group
Mstar orM
cold
bary divided byMhalo. We can interpret these
fractions as the stellar or baryonic collapse efficiency of
groups, i.e., how many of the group halo baryons have
collapsed into the observable stars and cold gas in galax-
ies. To increase our statistics we analyze the ECO and
RESOLVE-B data sets together, using the group central
completeness corrections to weight ECO groups appro-
priately (see §2.4).8 Figures 7, 8, and 9 compare results
using HAM and dynamical group mass estimates. The
group-integrated stellar and cold baryonic mass com-
pleteness limits are shown as dashed black lines.
Using HAM (Figures 7 and 8 show results based on
matching on group Lr and group Mstar respectively),
we find that the group stellar and cold baryon fractions
peak around a halo mass of ∼1011.8 M⊙, although the
cold baryon fraction peak is much broader than that of
the stellar fraction. At higher and lower group halo mass,
the stellar and cold baryon fractions fall off. This behav-
ior has been seen in previous work examining the stel-
lar fraction using HAM or HOD methods for assigning
halo mass (e.g., Leauthaud et al. 2012b). The falloff to-
wards higher group halo masses is interpreted to show
that high-mass groups are increasing their hot gas and
dark matter content faster than their collapsed cold bary-
onic mass content. The falloff toward low group halo
masses would then correspondingly show that low-mass
galaxies (generally single galaxies in their own halo down
to our survey limits) are growing rapidly in cold bary-
onic mass (from cooling halo gas), while their halo mass
8 We do not find any offsets between the two surveys when an-
alyzed separately.
is not increasing as quickly (Conroy & Wechsler 2009;
Moster et al. 2010). We note that in the largest group
mass bin the stellar and cold-baryon fraction rises. This
bin, however, consists of one group, whose corresponding
dynamical mass does not confirm such a rise as physically
meaningful (Figure 9).
An alternative, static interpretation of these plots is
that low-mass galaxies have suppressed cold baryonic
content due to stellar and supernova feedback. Studies
based on simulations suggest, however, that dwarf galax-
ies with gas masses of 108−9 M⊙ do not lose their gas due
to stellar and supernova feedback (Mac Low & Ferrara
1999; Melioli et al. 2015), and in addition cooling of fresh
and recycled gas in low-mass halos is generally found to
be efficient (Lu et al. 2011; Angle´s-Alca´zar et al. 2016).
In fact, the isolated dwarfs in this regime are far from
static, as they are doubling their stellar masses on
∼Gyr timescales (K13). Reionization at early times
may have heated the gas in lower-mass halos, thus de-
laying their formation relative to higher mass galaxies,
but at present their growth rates are high. We also
note that galaxies below the survey limit could con-
tribute up to ∼14% of the cold baryonic mass in low-
mass groups (Mhalo < 10
11.4 M⊙, see §2.3.1), increasing
the cold baryon fractions by roughly ∼0.05 dex.
In Figure 7 using HAM based on group luminosity, the
peak of the stellar mass fraction is sharper than that of
the cold baryonic mass fraction, with a steeper falloff
towards lower mass groups. Adding the cold gas results
in a flatter peak over the nascent group regime that has
little scatter in cold baryon fraction. In Figure 8 using
HAM based on group Mstar, however, we find that the
group cold baryon fraction becomes much more scattered
at low masses, likely due to the fact that stellar mass
HAM does not track cold baryonic mass as well as group
Lr HAM does in the low group halo mass regime.
In Figure 9, we show the group stellar and cold baryon
fractions as a function of dynamical mass as described
in §2.3.5. At high group halo masses, the stellar and
cold baryon fractions are similar to results using HAM,
decreasing with increasing halo mass. At all masses,
however, we find a much greater diversity in stellar and
cold baryon fractions with MH−dynhalo than with M
HAM
halo
(e.g., width ∼1 dex vs.∼0.5 dex nearMhalo = 1012 M⊙).
Thus HAM may build in a perceived tight maximum
in baryonic collapse efficiency over the nascent group
regime, whereas the dynamical masses suggest there
should be more scatter, potentially due to variations in
the hot gas fractions within groups. We note that Figure
9 includes N = 1 and 2 groups, which rely purely on
HAM (with increased scatter to smoothly transition to
N ≥ 3 dynamical masses) for mass estimates.
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Figure 6. Group (a) SMF and (b) CBMF for the FOF groups in the GALFORM semi-analytic model. (Results are not shown for the
mock catalog true groups but are similar.) Since the simulation’s stellar and baryonic mass are exact quantities, we plot the mass functions
with Poisson error bars only. The theoretical dark matter HMF scaled by the universal baryon fraction is shown in black and the ECO
group SMF and CBMF are also shown plotted in their respective panels. The SAM and ECO group MFs exhibit similar overall behavior,
with a break in power-law slope near ∼1011 M⊙. The SAM, however, shows a dip in numbers relative to ECO at this mass scale and a
more steeply rising slope at the lowest masses. The solid vertical lines show the stellar and cold baryonic completion limits of the ECO
survey.
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Figure 7. Conditional density plot of group-integrated (a) stellar and (b) cold baryon fraction as a function of MHAM
halo
based on group Lr
for all ECO and RESOLVE-B groups. The number densities are weighted by the central completeness corrections described in §2.4. The
universal baryon fraction (0.15) is shown as a line at the top and the group Mstar and Mcoldbary completeness limits are shown by the dashed
black lines. The group-integrated stellar mass fraction falls sharply above and below group halo mass ∼1011.8 M⊙. The group-integrated
cold baryon fraction reaches a maximum over the nascent group regime (1011.4−12 M⊙) with little scatter. At high group halo mass, the
stellar and cold baryon fractions are similar.
In Figure 10 we show stellar and cold baryon fractions
as a function ofMHAMhalo for the SAM FOF mock catalog.
Using HAM results in the familiar shape seen in the ECO
and RESOLVE-B data in Figure 7. The baryon fractions
peak at a similar group halo mass, although the behav-
ior at low group halo mass appears somewhat flatter and
more scattered than observed in the data. The spur seen
at high group halo mass and low stellar or cold baryon
fraction is due to a population of galaxies in the SAM
with low mass given their brightness, probably due to
inadequate consideration of dust. Examination of this
galaxy population reveals that they are massive, blue,
and star-forming galaxies. To produce observed mag-
nitudes, the SAM performs stellar population synthesis
modeling based on the star formation and metallicity his-
tory of the modeled galaxy, and then applies a physical
model for dust as described in Lacey et al. (2016) to pro-
duce observed galaxy magnitudes. The dust fraction,
extinction curve shape, albedo, and thus optical depth
are all set to the locally measured value of the Solar
neighborhood, which may not be applicable to galaxies
of all masses. The attenuation of starlight by the dust
is computed at all wavelengths and then redistributed
as a blackbody towards infrared wavelengths. Geometric
effects are taken into account by assuming random ori-
entations of the galaxies. The assumptions used and the
14 Eckert et al.
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Figure 8. Same as Figure 7, except using MHAM
halo
based on group Mstar abundance matching with scatter of 0.14 dex added (to match
the scatter based on group luminosity). The group-integrated stellar fractions are similar to those using the group masses matched on Lr .
The group-integrated cold baryon fractions have increased scatter at low masses compared to the Lr version. The increased scatter is likely
due to the fact that Lr correlates more closely with cold baryonic mass than with stellar mass.
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Figure 9. Conditional density plot of group-integrated (a) stellar and (b) cold baryon fraction as a function of MH−dyn
halo
determined by
the combination of N ≥ 3 dynamical and low-N HAM estimates for both ECO and RESOLVE-B groups combined. The universal baryon
fraction is shown as a line at the top and the group cold baryonic mass completeness limit is shown by the dashed black line. Using
dynamical mass results in a wider range of group stellar and cold baryon fractions, particularly over the nascent group halo mass range
(and below, but here the scatter is introduced see §2.3.5). The peak baryonic collapse efficiency occurs near ∼1012 M⊙.
inherent uncertainties when modeling dust may result in
under-extinction of massive, blue, star-forming galaxies.
Recent work by Gonzalez-Perez et al. (submitted) also
shows that these massive blue galaxies are too large, and
thus the dust density is too small leading to inefficient
absorption of blue and UV light. The under-attenuation
of light in massive galaxies is also apparent in Figure 30
of Lacey et al. (2016), which examines the g − r color
distribution of SAM galaxies as a function or brightness
compared to SDSS data, finding that in the most massive
bin, the SAM shows a bimodal color distribution, where
the data show only red galaxies. Moreover, we find that
performing HAM with group Mstar (Figure 11) causes
the spur to go away, as the stellar population effects are
removed. Group halo masses are then reduced (typically
by ∼1 dex) on the x-axis, which also causes the stellar
and cold baryonic fractions to increase on the y-axis.
Using the true group halo masses (Figure 12) for the
SAM yields completely different results. The SAM cold
baryon fractions vary strongly below a halo mass of
∼1013 M⊙ and reach a peak dispersion of over 2 dex
at Mhalo ∼ 1012 M⊙. This dispersion is much larger
than what we find in the data even using the dynami-
cal masses. The SAM suggests that there should be a
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population of extremely low cold baryon fraction groups
over precisely the same regime where our data suggests
groups are reaching a maximum baryonic collapse effi-
ciency.
Analysis of the SAM confirms the serious issue with
studying cold baryon fractions of groups using HAM, al-
ready suggested by our dynamical mass analysis: the
built-in relationship between group luminosity (or stellar
mass) and group halo mass produces the tight relation be-
tween group baryon fraction and group halo mass. There
is evidence that groups can have widely varying ratios of
hot X-ray gas to collapsed baryons (Roberts et al. 2016),
and the HAM algorithm does not account for this diver-
sity, treating all groups of similar luminosity (i.e., similar
collapsed baryon content) to be the same. Even with the
widely varying cold baryon fractions in the SAM, us-
ing FOF and HAM produces the familiar upside-down U
shape seen in all HAM analyses.
To highlight this issue, we show the ratio of hot halo
gas to cold (collapsed) gas in galaxies from the SAM
mock true groups in Figure 13a. The SAM hot halo
gas includes all gas outside of the galaxy, both halo
gas that can be accreted onto galaxies and gas ejected
from the galaxy by feedback. The plot shows that low-
mass groups and high-mass groups have ratios of hot-to-
collapsed gas around ∼10 and ∼100 respectively, but in
the nascent group regime (∼1011.4−12 M⊙) the ratio of
hot-to-collapsed gas becomes widely varying. It may be
that dynamical mass estimates better recover this scat-
ter in hot-to-cold baryon fractions for lower-mass groups.
We further discuss the wide variation in hot-to-collapsed
gas in the SAM and its relation to the implementation
of feedback in the SAM in §4.1.
Figure 13a also shows that low-mass true groups in
the SAM all have ratios of hot-to-collapsed gas mass
that are much lower than in high mass halos. At the
same time, the low-mass observed groups in ECO have
low cold baryon fractions using dynamical masses (Fig-
ure 9), which decrease toward lower halo masses. Taking
the theoretical and observational results together may
seem inconsistent with a constant baryon fraction. Fig-
ure 12b does appear to be consistent with Figure 9b in
observed and theoretical cold baryon fractions for low-
mass systems. The large change in hot-to-cold gas ratios
in Figure 13a is put into perspective by Figure 13b, which
shows that much of the change is driven by the stellar
content of low and high mass groups. Furthermore, the
SAM’s definition of cold gas, computed by determining
the amount of cooling gas that has had enough time to
reach the center of the halo (thus governed by the cool-
ing and free-fall times), may overestimate the cold gas
because it does not include the effect of ionization by in-
ternal radiation from star formation within the galaxy.
Thus a small amount of the cold gas in the SAM could
actually be ionized gas within the galaxy disk that would
not be observable in HI.
3.3. Adding The Hot Gas
In large groups, the dominant baryonic component is
the hot X-ray emitting gas (e.g., Mitchell et al. 1977;
White et al. 1993; Giodini et al. 2009), thus the large off-
set between the group CBMF and group HMF at large
group halo masses is not unexpected.
To produce a group BMF that includes hot gas mass,
we use the hot gas fraction scaling relation given by
Giodini et al. (2009), which is calibrated on groups and
clusters from the COSMOS survey:
fgas = 9.3(
M500c
2× 1014 )
0.21 (6)
Their calibration, however, was performed for groups
with halo masses defined at M500c (i.e., an overdensity
of 500 times the critical density of the universe). To use
their calibration, we must scale the gas fraction for halo
masses defined at M280b. We assume that the dark mat-
ter halo mass density follows an NFW profile (equation
7) and that the hot gas density distribution follows a
beta-model profile (equation 8).
ρdm =
ρ0,dm
r
rs
(1 + ( r
rs
)2)
(7)
ρg = ρ0,g(r
2 + r2c )
−3β
2 (8)
The scale radius of the NFW profile, rs, is determined
by the virial radius and halo concentration and ρ0,dm is
the virial overdensity of dark matter. For the hot halo
gas profile, rc is the core radius of the profile, ρ0,g is the
gas density normalization, and β is the power law slope.
Based on β model fits from simulations in Eke et al.
(1998), we set rc = rs/3 and β = 2/3. We integrate
these two density distributions out to r500c, and we use
the value of fgas at r500c (from Giodini et al. 2009) to de-
termine the ratio of ρ0,gas to ρ0,nfw. Finally we integrate
the two density distributions out to r280b and determine
the new fgas calibration given in equation 9.
fgas = 10.3(
M280b
2× 1014 )
0.21 (9)
In Figure 14, we show the group CBMF (blue) and
BMF including hot gas (red) for ECO using the HAM
mass estimates to determine the hot gas component.
(Results are similar using the dynamical mass estimates.)
We compute both the group CBMF and the group BMF
using the median group cold baryonic mass measurement
for simplicity (using Poisson statistics to compute error
bars). Including the hot gas significantly changes the
shape of the group BMF at high halo masses, causing it
to track the HMF down to group Mbary ∼1011 M⊙.
The fact that the group BMF does not line up ex-
actly with the group HMF (by a factor of ∼2) at high
masses suggests that there is still some missing bary-
onic component that we have not included. Possibili-
ties include: 1) intracluster light that contributes ∼10%
(Feldmeier et al. 2004; Krick et al. 2006), 2) low-mass
satellite galaxies below our mass limits (contributing at
most 14%, see §2.3.1), and 3) warm-hot gas, WHIM,
too cool to emit in X-rays, which potentially contributes
40%–50% of baryons based on simulations (Dave´ et al.
2001; Cen & Ostriker 2006). We also note that most
studies of the hot X-ray gas in clusters find that ac-
counting for the hot X-ray gas and stars does not com-
pletely account for all the baryons (Gonzalez et al. 2007;
Giodini et al. 2009; Main et al. 2015).
Another consideration is that much of the WHIM
may lie outside the viral radius of the halo due to
supernova-driven outflows. From simulations of Milky
16 Eckert et al.
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Figure 10. Conditional density plot of group-integrated (a) stellar and (b) cold baryon fraction for the SAM using the FOF groups with
HAM based on group luminosity. We find that applying FOF and HAM to the SAM mock catalog results in the upside down U shape
as seen in the ECO data. The spur of low cold baryon fraction groups for their halo mass is due to a population of galaxies with much
lower masses than their luminosities would suggest. These are large, blue, star-forming galaxies, for which the dust correction does not
sufficiently extinct their intrinsic magnitudes (see discussion in Gonzalez-Perez et al. submitted).
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Figure 11. Same as Figure 10 but using HAM based on group-integrated stellar mass, which removes the low cold baryon fraction spur.
Way galaxies, Soko lowska et al. (2016) find that 20%–
30% of the WHIM is pushed out between 1–3 virial radii,
and that 90% of the universal baryon fraction is recov-
ered only when considering the halo gas out to 3 virial
radii (much further than the considerations used in our
analysis). Examining simulations of lower mass galax-
ies (Mhalo ∼ 1011 M⊙), Wang et al. (2017) also find that
baryons are expelled beyond twice the virial radius. Such
feedback may also cause groups groups to begin forming
with a depleted baryon fraction (Liang et al. 2016). Thus
the expectation that we should be able to account for all
the baryons in groups and clusters to the virial radius
may be false, and the shortfall, while interesting, may
not necessarily be problematic.
4. DISCUSSION
In this section, we present further discussion of the
results of this work. First, we consider the relation-
ship between baryonic collapse efficiency and galaxy and
group growth, examining in particular the nascent group
regime. Second, we discuss possible undetected baryons
in galaxies and their halos and consider the effects of
these mass components on the group BMF.
4.1. Baryonic Collapse Efficiency and Galaxy Growth:
From Isolated Dwarfs to Nascent Groups
At the lowest group halo masses (<1011.4 M⊙), we
have seen that groups are mostly isolated dwarf galax-
ies in N = 1 halos and are increasing their cold baryonic
mass faster than their dark matter halo mass (Figures
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Figure 12. Conditional density plot of group-integrated (a) stellar and (b) cold baryon fractions for the SAM using the true group halo
mass. We find that below ∼1013 M⊙, the stellar and cold baryon fractions become extremely varied, even more so than seen with the
dynamical mass estimates for ECO and RESOLVE-B.
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Figure 13. Conditional density plot of the ratio of hot halo gas to (a) cold (collapsed) gas mass and (b) cold (collapsed) baryonic mass
in galaxies for the SAM true groups. Over the nascent group halo mass regime, the scatter in ratio between the hot halo gas to collapsed
galaxy gas increases as galaxies transition from single objects within their halo to larger groups. The overall change in hot-to-cold gas
fraction between low- and high-mass groups is driven by their differing stellar content, as revealed in panel (b), which includes the cold gas
and stellar content of groups in the denominator.
7 to 9). While isolated dwarfs are often thought of as
inefficient star formers (due to their large HI reservoirs,
which lead to long gas depletion times), K13 showed that
they are nonetheless growing rapidly using a long-term
measure of galaxy growth called fractional stellar mass
growth rate (FSMGR), defined as the stellar mass pro-
duced in the last Gyr divided by the stellar mass pro-
duced prior to that Gyr. Isolated dwarf galaxies have
FSMGR ∼ 1, implying stellar mass doubling on Gyr
timescales. Additionally, Moster et al. (2013) show that
isolated dwarf galaxies in low-mass halos are growing
much more rapidly than their halos at current times us-
ing multi-epoch abundance matching. Thus, while not at
the peak of cold baryon fraction, such low mass groups
are at peak galaxy growth rates.
Over the halo mass regime of 1011.4−12 M⊙, the
nascent group regime, we find that groups reach peak col-
lapsed baryon fraction or “baryonic collapse efficiency.”
Here we use “efficiency” in the usual convention as a
level reached rather than a rate of processing (e.g.,
Conroy & Wechsler 2009; Leauthaud et al. 2012a). As
baryonic collapse efficiency peaks, galaxy formation slows
and group processes begin to shape the population. In-
deed, K13 found that central galaxies in the nascent
group regime (using the central galaxymass – group mass
relationship), had lower FSMGR than isolated dwarfs,
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Figure 14. ECO group CBMF (blue) and BMF including hot
X-ray gas (red), where we used the hot gas prescription based
on dark matter halo mass from Giodini et al. (2009), scaled for
our halo mass definition. The completeness limits are shown as
vertical lines corresponding to the colors of the histograms. The
BMF completeness limit is determined by finding the maximum
hot gas correction to group Mcold
bary
at 109.4 M⊙, which we find to
be ∼0.3 dex. Including the hot gas causes the group BMF to run
parallel to the dark matter HMF. In this analysis for simplicity
we do not use full group mass likelihood distributions but instead
median values. Error bars represent the Poisson statistics.
implying slowed galaxy growth at these group mass
scales. Additionally, from examination of the galaxy
mass functions in E16, we find that nascent groups may
already experience merging and/or stripping of satellites,
as the satellite mass function is depressed relative to the
central mass function and has a flat low-mass slope (to
our completeness limits). Once groups reach this nascent
group scale, group processes such as merging and strip-
ping seem to act to stop the growth of the collapsed
baryonic content of groups. Group cold baryon fractions
then drop towards higher group halo masses, as the un-
collapsed hot halo gas dominates the baryonic content of
the halo. Future planned studies of FSMGR as a group-
integrated quantity and as a function of group mass may
help shed more light on the connection between galaxy
growth and group formation.
Connecting these results with the group CBMF (Figure
5), we find that low-mass groups (with peak galaxy for-
mation rates) have groupM coldbary < 10
10 M⊙ (from Figure
1a), and thus lie on the shallow power-law slope of the
group CBMF. Nascent groups have groupM coldbary ranging
from ∼1010−10.8 M⊙, which places them just below the
knee of the group CBMF. The highest mass halos then
lie on the steep falloff towards higher masses (although
accounting for their hot gas the falloff has a slope similar
to the HMF; Figure 14). That the nascent groups exist
right at this change in mass function behavior reflects
the fundamental change in baryonic collapse efficiency
between low- and high-mass group halos.
We have shown that HAM halo mass estimates yield
a tight maximum in baryonic collapse efficiency, but
dynamical halo mass estimates suggest more scatter.
The scatter in collapsed baryon fraction using dynamical
masses is still much smaller than suggested by the SAM
true groups. The discrepancy may be partially due to
the reliance on HAM for N = 1 and 2 groups, for which
we have no other proxy for the halo mass. The SAM, in
addition, may have overly large feedback (as discussed
below) causing unrealistic scatter in cold baryon frac-
tions. To fully discriminate between these two possibil-
ities, we require independent measurements of the halo
masses of N = 1 and 2 groups. The RESOLVE survey is
conducting a census of velocity measurements (either re-
solved rotation curves or velocity dispersions, depending
on galaxy type), which can serve as a proxy for N = 1
group halo masses. Using these measurements, we will
in the future attempt to determine how large the scatter
in cold baryon fraction is at low masses and whether it
can be attributed to growing diversity in the ratio of hot
halo gas to cold collapsed baryons.
In the SAM, the transition from isolated dwarfs to
larger groups over the nascent group regime is strongly
governed by the model’s implementation of feedback.
The nascent group regime is where the dominant mode of
feedback transitions from stellar feedback (at lower halo
masses) to AGN feedback (at higher halo masses). The
location of the knee at higher masses in the SAM (and
resulting underprediction of groups in the SAM near the
knee of ECO’s group SMF and CBMF, Figure 6) reveals
that the model’s implementation of feedback is overly
efficient at these scales. Recently, Mitchell et al. (2016)
compared the galform galaxy SMF with observations,
finding that the location and amplitude of the knee of the
galaxy SMF are very sensitive to the feedback prescrip-
tion in the SAM and that reducing the stellar feedback
efficiency improves agreement in the knee with observed
galaxy SMFs.
Additionally, the SAM true groups exhibit extremely
varied cold baryon fractions and hot-to-collapsed gas ra-
tios over the nascent group regime (see Figures 12 and
13). This scatter could be partially driven by the tran-
sition from stellar to AGN feedback, which occurs over
the nascent group regime as galaxies transition to the
group environment. Some of the variation may also be
a result of the stellar feedback implementation in gal-
form, which ties the fraction of cold gas ejected from
the disk (the mass loading factor) to the circular veloc-
ity of the galaxy disk or bulge for quiescent or starburst
star-formation episodes respectively. Comparing the cen-
tral galaxy stellar to halo mass (SHM) relationship from
galform and l-galaxies, a different SAM described
in Guo et al. (2011) that ties the mass loading factor to
the halo circular velocity, Guo et al. (2016) find larger
scatter in the SHM relationship of galform than that
of l-galaxies. Additionally, Mitchell et al. (2016) find
that implementing the l-galaxies mass loading factor
prescription in galform reduces the scatter in the SHM
relationship. Thus, accurately quantifying the scatter
in cold baryon fractions (or the SHM relationship) over
nascent group scales can provide important constraints
that lead to improved models of galaxy formation.
4.2. Undetected Gas
So far we have only considered the effect of hot X-ray
gas that dominates the mass of large groups and clusters.
There are other gas components, however, that may espe-
cially affect galaxy and group mass, such as opaque HI
gas, CO-traced molecular gas, CO-dark molecular gas,
and warm-hot ionized gas (WHIM). We have not taken
into account HI self-absorption (opaque HI), which could
contribute up to 30% of the HI gas in the most edge-
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on galaxies (Giovanelli et al. 1994). We have also ne-
glected the CO-traced molecular gas in this work, under
the assumption that it rarely dominates the cold gas in
galaxies. This assumption is not true for some large spi-
ral galaxies, but those are generally dominated by their
stellar mass (K13; Boselli et al. 2014).
In low-mass, low-metallicity, gas-rich galaxies molec-
ular gas is difficult to detect with standard tracers like
CO (Taylor et al. 1998; Leroy et al. 2005; Schruba et al.
2012; Bolatto et al. 2013), due to the low dust content,
which allows the CO to be photo-dissociated more eas-
ily. The molecular hydrogen on the other hand, is self-
shielded, making it traceable by the [CI] and [CII] lines
(Ro¨llig et al. 2006; Glover et al. 2015). Ongoing work
using the Herschel Dwarf Galaxy Survey seeks to un-
cover CO-dark gas through examination of these far IR
lines, potentially finding between ten and several hun-
dred times as much CO-dark as CO-traced molecular hy-
drogen (Madden et al. 2016). While the CO-dark molec-
ular gas is mainly thought to contribute significantly
to the gas mass of low-metallicity dwarfs, Pineda et al.
(2013) find that ∼30% of the molecular gas mass in the
Milky Way could be CO-dark molecular gas. In fact, the
theoretical model of Wolfire et al. (2010) predicts a CO-
dark gas fraction of 0.3 for Milky Way like extinction,
and an increasing CO-dark gas fraction for decreasing
extinction values, which may be more applicable to low-
metallicity dwarf galaxies.
Another contribution to the undetected gas compo-
nent is the WHIM. Based on simulations, WHIM gas
in the galaxy halo contributes significantly to the baryon
census (∼40%–50%, Cen & Ostriker 2006; Smith et al.
2011), although a significant amount of WHIM may be
pushed outside the virial radius in Milky Way size ha-
los (Soko lowska et al. 2016). Observations of X-ray ab-
sorption lines have yielded large variations in the mass
and distribution of the WHIM in the Milky Way: from
∼4×108 M⊙ within 20 kpc (Bregman & Lloyd-Davies
2007) to ∼1010 M⊙ within 100 kpc (Gupta et al. 2012).
Studies of the baryonic Tully-Fisher relation suggest
that there could be missing gas in the galaxy disk that
scales with the HI gas component (Pfenniger & Revaz
2005; Begum et al. 2008; Revaz et al. 2009). These stud-
ies find that a multiplicative factor of 3–11 applied to
the HI mass produces a tighter Tully-Fisher relation
across dwarf to giant galaxy scales. Additional indirect
evidence for such undetected gas is also seen in rota-
tion curve decomposition analyses (Hoekstra et al. 2001;
Swaters et al. 2012), which find a direct scaling of the HI
gas or baryonic distribution can explain the galaxy rota-
tion curve. While the above-described potential forms for
the undetected gas may not explain such large multiples
of the HI mass, they do all point to a missing reservoir
that could contribute significantly to the galaxy mass.
To examine the effect of including such undetected
gas in our group mass functions, we first note that scal-
ing the HMF by a factor of 0.07 (the universal baryon
fraction 0.15 divided by 2, dashed black line in Fig-
ure 15) yields agreement between the HMF and the
group BMF that includes hot gas (red histogram) down
to group Mbary ∼ 1010.7 M⊙. This factor of 2 reduc-
tion is in rough agreement with expectations that the
WHIM contributes 40%–50% of the baryons in group
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Figure 15. Group CBMF for ECO (blue), BMF including hot
gas (red, based on HAM), and BMF including both hot gas and
potentially undetected gas in low-mass, gas-rich galaxies (green).
We find agreement between the BMF including hot gas and the
HMF rescaled by a 0.07 (a factor of 2 smaller than the universal
baryon fraction, dashed black line) down to Mbary = 10
10.7 M⊙.
By scaling low-mass, gas-rich galaxies, which may harbor large
undetected gas components, we extend this agreement to Mbary =
1010.3 M⊙.
halos. Figure 15 also shows the effect of including un-
detected galaxy gas that scales with the galaxy HI gas
component (green histogram). We have only scaled the
cold baryonic masses of low-mass (Mstar < 10
9.5 M⊙),
gas-rich (1.4MHI/Mstar > 1.0) galaxies, which are the
most likely to harbor a significant amount of undetected
CO-dark gas. We multiply their cold HI gas mass by
a factor of 2. Such scaling affects the low-mass end
of the group BMF and improves agreement with the
scaled HMF down to Mbary ∼ 1010.3 M⊙. In these anal-
yses, as for our hot gas analysis, we have also used the
median stellar and gas mass (baryonic-stellar) measure-
ments rather than the full likelihood distribution for sim-
plicity.
Above 1011 M⊙, there is not much change in the total
group BMF, since there are few low-mass, gas-rich galax-
ies in high mass halos. Below 1011 M⊙, the group BMF
including hot gas and this scaled cold gas component
does continue to track the scaled HMF better, lending
support to the idea that undetected gas may contribute
significantly to the galaxy component of the group mass,
particularly at nascent group scales and below.
5. CONCLUSIONS
In this work, we have examined the group-integrated
stellar and baryonic content of groups for the RESOLVE
and ECO surveys. We have further compared with re-
sults from a SAM mock catalog and discussed impli-
cations for group formation particularly in the nascent
group regime.
• The group SMF and CBMF exhibit steep slopes at
high masses, and a shallower rising slope at low masses.
They most closely approach the dark matter HMF near
∼1011 M⊙. The low-mass slope of the group CBMF is
steeper than that of the group SMF, but still deviates
from the steep dark matter HMF slope (see §3.1 and
Figure 5).
• The SAM’s group SMF and CBMF are similar to
those of ECO at high masses. However, the SAM has
fewer groups at the transition mass of ∼1011 M⊙, and
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the SAM mass functions rise more steeply at low-masses
(Figure 6). These differences are likely due to the sensi-
tivity to the transition between stellar and AGN feedback
in the models (§4.1).
• Inclusion of hot halo gas in the group BMF using a
literature prescription produces a slope that runs parallel
to the dark matter HMF (although still low by a factor
of 2, Figure 14). The hot halo gas does not contribute
significantly to the group baryonic mass below∼1011 M⊙
(see §3.3).
• If we assume that there is additional undetectable gas
in galaxies that scales with the HI mass for low-mass, gas-
rich galaxies (which may have large reservoirs of CO-dark
molecular gas), adopting a multiplicative factor of 2 as
has been suggested by baryonic Tully-Fisher studies, we
can produce a more steeply rising low-mass slope below
1011 M⊙ that continues to run parallel to the dark matter
HMF (§4.2 and Figure 15).
• Examination of the stellar and cold-baryon fractions
as a function of HAM group halo mass reveals the famil-
iar upside-down U shape seen in previous work (Figures
7 and 8). While the group stellar fraction has a nar-
row peak near ∼1011.8 M⊙, the peak of the group cold-
baryon fraction (or baryonic collapse efficiency) is spread
across a broader halo mass range of ∼1011.4−12 M⊙. This
broad peak of baryonic collapse efficiency coincides with
the nascent group regime, wherein galaxies and galaxy
groups transition from gas-rich to stellar dominated.
• Because HAM halo masses enforce monotonicity be-
tween group halo mass and collapsed baryons as quanti-
fied by group Lr or Mstar , but we are interested in diver-
sity of collapsed baryon to halo mass ratios, we have de-
veloped a new way of measuring dynamical masses that
allows us to probe halo mass independent of collapsed
baryon properties. Our hybrid halo masses smoothly
transition from using HAM for N = 1 and 2 groups,
stacked dynamical masses for N > 2 groups, and indi-
vidual group dynamical masses for the highest N groups.
• Examination of the stellar and cold-baryon fractions
as a function of dynamical halo mass estimates suggests
more scatter in collapsed baryon fractions than observed
using HAM halo mass estimates (Figure 9), potentially
reflecting variations in the hot-to-collapsed baryon frac-
tion between groups at fixed group mass. This result
argues for caution in interpreting baryon fractions us-
ing HAM, as the built-in assumption of mass following
collapsed baryons may break down across intermediate
group halo mass regimes.
• The SAM true groups also suggest that there should
be a population of very low cold baryon fraction groups
(Figure 12). Once HAM is performed on the SAM, we
obtain the same upside down U shape as seen in the
data (Figures 10 and 11). This result underscores the
importance of recognizing the built-in relationship be-
tween halo mass and group cold baryonic mass when us-
ing HAM halo mass estimates.
The results from this paper touch on several aspects of
the baryon census. For example, we have shown that the
group BMF can obtain a similar shape as the HMF once
the collapsed baryonic matter within groups is combined
with the hot halo gas and potential CO-dark gas in gas-
rich, dwarf galaxies. Although the group BMF is shifted
lower in mass by a factor of ∼2, that shift is in agree-
ment with WHIM estimates of 40%–50%, and this result
suggests that at the scales we probe (Mhalo ∼ 1011−14.5
M⊙), we can account for most of the baryons. Using
dynamical masses to explore group cold baryon frac-
tions, however, points to far more variation in the hot-to-
collapsed baryon ratio in groups than implied by using
HAM, especially across the nascent group regime. The
SAM provides additional support for large variations in
hot-to-collapsed baryon fractions at nascent group scales.
Nascent groups appear to be sites of active group forma-
tion processes such as merging and stripping, as shown
by the depressed, flat low-mass slope of the nascent group
galaxy mass function in E16. The nascent group regime,
however, is where our stacked dynamical mass analysis
starts to break down as we approach the acutely low-
N regime, thus leaving us unable to fully probe these
variations. In future work, we plan to measure dynami-
cal masses using internal galaxy kinematics to extend our
analysis to the lowest-N groups, enabling combined anal-
ysis of the galaxy and group (subhalo and halo) velocity
functions.
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APPENDIX
In this appendix, we describe the procedure used to identify and break up false pairs of galaxies in the ECO,
RESOLVE-B, and SAM FOF group catalogs. We use a mock catalog built on a ΛCDM N-body simulation, in which
central and satellite galaxies have been placed into halos according to the HOD framework of Berlind & Weinberg
(2002) and redshift space distortions have been included (see M15 for more details).
With this mock catalog, we know the true identities of group halos, and we run FOF group finding to examine how
the algorithm affects group assignments. Comparing the true and FOF groups, we find that the pair population is
often affected by group finding errors. A large portion of FOF pairs are “false pairs,” or two N = 1 galaxies merged
together. We additionally find “split-off” FOF pairs that were originally two members of a larger true group and were
split off in the FOF group finding process. Matching between the true and FOF groups, we identify among FOF groups
true pairs, false pairs, and split-off pairs, finding that they comprise 62%, 22%, and 16% of the FOF pair population
respectively.
To break up the false pairs, we examine the distribution of true pairs in ∆cz–Rproj space, where ∆cz is the difference
in redshift between the pair galaxies and Rproj is computed for the pair as described in §2.3.3. The 2-D histogram of
true pairs is shown in Figure 16a. We then find the contour that encloses ∼95% of the true pairs (bold black line).
To simplify our region, we draw a line reflecting that contour and designate “region-1, ” which contains 95% of true
pairs, and “region-2,” which contains the remaining 5% of true pairs.
In panels (b)–(d) of Figure 16, we show the 2-D histograms of overall, true, and false pairs among the FOF groups
(normalized to the overall FOF pair population). (Split-off pairs are distributed roughly evenly over the ∆cz–Rproj
space.) In the overall FOF pair population, 5%, 48%, and 40% of true, false, and split-off pairs reside within region-2.
Based on this analysis, we split up all FOF pairs residing in region-2, thereby removing ∼1/2 of the false pairs at
the expense of splitting up 5% of the true pairs. (Split-off pairs in region-2 also now contribute to the FOF N = 1
population, however, they make up <2% of the FOF N = 1 population.) Our new FOF pair population now consists
of 73% true pairs, 15% false pairs, and 12% split-off pairs.
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Figure 16. Mock catalog pair statistics, shown as 2-D histograms of the distribution of pairs (N = 2 groups) over ∆cz vs. Rproj space for
(a) all true pairs, (b) all FOF pairs, (c) true FOF pairs, and (d) false FOF pairs. (Split-off FOF pairs are not shown, but are distributed
roughly equally over this space.) The 2-D histograms for panels (b)–(d) are normalized to all FOF pairs, with the color bar shown above
panel (b). In panel (a) we show the contour containing 95% of the true-mock pairs (thick black line) as well as the line we choose to define
region-1 and region-2 (thin black line). Only 5% of true FOF pairs live in region-2, while nearly 50% of false FOF pairs live in region-2.
We therefore break up all pairs in region-2, improving the percentage of true pairs among FOF pairs from 62% to 73%.
